Mast cells (MCs) are potent inflammatory cells that are distributed throughout mucosal barrier tissues and respond rapidly to pathogenic stimuli. During helminth infections, MCs play an important role as late-stage effectors. However, it is currently unknown whether MCs contribute to the early innate events that determine the priming of adaptive immunity. MC-deficient mouse strains and mice treated with the MC stabilizing agent cromolyn sodium had dramatically reduced Th2 priming and type 2 cytokine production and harbored increased parasite burdens following infection with gastrointestinal helminths (Heligmosomoides polygyrus bakeri and Trichuris muris). In addition, early production of the tissuederived cytokines IL-25, IL-33, and thymic stromal lymphopoietin (TSLP) was significantly diminished in MC-deficient mice and resulted in decreased numbers of infection-elicited IL-25-dependent (Lin
Mast cells (MCs) are potent inflammatory cells that are distributed throughout mucosal barrier tissues and respond rapidly to pathogenic stimuli. During helminth infections, MCs play an important role as late-stage effectors. However, it is currently unknown whether MCs contribute to the early innate events that determine the priming of adaptive immunity. MC-deficient mouse strains and mice treated with the MC stabilizing agent cromolyn sodium had dramatically reduced Th2 priming and type 2 cytokine production and harbored increased parasite burdens following infection with gastrointestinal helminths (Heligmosomoides polygyrus bakeri and Trichuris muris). In addition, early production of the tissuederived cytokines IL-25, IL-33, and thymic stromal lymphopoietin (TSLP) was significantly diminished in MC-deficient mice and resulted in decreased numbers of infection-elicited IL-25-dependent (Lin M ast cells (MCs) are preferentially distributed throughout barrier tissues such as the skin and mucosa, including the intraepithelial space of the intestine. Their ability to respond rapidly via release of prestored inflammatory mediators means they are primed to contribute to the first line of response to pathogens (1) . Although MCs are classically considered important late-stage effector cells during Th2-associated immune responses including host responses against parasitic helminths in mucosal tissues (2) , the innate role of MCs during the initial stages of the immune response is relatively neglected. Recent reports have begun to identify critical roles for MCs in the early orchestration of an immune response. For example, MCs help to maintain tissue homeostasis (3), express Toll-like receptors important in early pathogen sensing (4) , and contribute to the induction of immune responses in the tissues (5) . MCs are found in close contact with dendritic cells (DCs) and epithelial cells in the tissues and provide innate adjuvant stimuli via the release of histamine, proteases, and cytokines, which lead to the activation of DCs and recruitment of neutrophils and T cells to the site of infection (5-7).
The importance of early events at mucosal tissues in orchestrating immune responses has also been highlighted by the critical roles for tissue-derived cytokine signals in the development of polarized Th2 immune responses, in particular the cytokines IL-25 (also known as IL-17E) (8), IL-33 (9) , and thymic stromal lymphopoietin (TSLP) (10) . Mice deficient in IL-25 have been shown to be susceptible to infection with the cecal-dwelling helminth Trichuris muris (8) , whereas mice with defective production of TSLP are unable to mount Th2-driven worm expulsion (11) , and TSLP has a crucial role in conditioning APCs for efficient priming of Th2 cell responses (12) (13) (14) . Similarly, administration of recombinant IL (rIL)-33 to mice normally susceptible to T. muris infection can enhance Th2 immunity and restore worm expulsion (9) . All three cytokines have been shown to have important roles in limiting the expression of proinflammatory cytokines such as IL-23p40 and IFN-γ (12, 15 ) with the small intestinal-dwelling helminth Hp. MC degranulation was already detected within the first few days of infection with Hp as indicated by increased levels of mouse mast cell protease-1 (mMCP-1) in the sera of WT mice (Fig. 1A) Fig. S1A) , and, similarly, shedding of parasite eggs into the feces during Hp infection was significantly increased in both strains of MC-deficient mice (Fig. 1C and Fig. S1B ). Analysis of Hp antigen (Ag)-specific immune responses of draining lymph node cells at days 0, 6, and 21 p.i. demonstrated the induction of a strong Th2-polarized response in WT mice, characterized by high levels of the type 2 cytokines IL-4, IL-5, IL-9, IL-10, and IL-13 (Fig. 1D) . In contrast, the Th2 response was significantly impaired in MC-deficient mice, and MC-deficient mice exhibited variably increased IFN-γ in the later stages of infection ( Fig. 1D and Fig.  S1C ). MC-deficient mice also showed reduced draining lymph node hypertrophy and significantly lower levels of IL-2 in the mesenteric lymph node (MLN), and had impaired proliferation to Hp-Ag (Fig. 1E) . MC-deficient mice were unable to clear a challenge infection, which is indicative of an impaired Th2 memory response (Fig. 1F) . Diminished Th2 responses were also found in MC-deficient mice infected with the cecal-dwelling helminth Tm, as Kit W-sh mice harbored significantly higher parasite burdens than WT mice at day 21 p.i. (Fig. S2A ) and exhibited substantially reduced proliferation and type 2 cytokine production in response to Tm Ag restimulation ( Fig. S2 B and C) . Optimal Th2 priming requires the migration of DCs from the tissues to the lymph node, where Ag can be presented to naive T cells. Conditioning of DCs by the mucosal tissue-derived cytokines IL-25 and TSLP has previously been shown to stimulate migration of DCs to the draining lymph node and enhance Th2 priming capacity via up-regulation of the costimulatory molecule OX40-L (12) (13) (14) . We detected an influx of intestinal-derived CD103 +
CD11c
+ DCs in the MLN of WT mice following Hp infection, including a subset expressing OX40-L ( Fig. 2A ). In contrast, no significant increase vs. baseline in CD11c W-v mice at day 14 p.i. following secondary challenge infection. Data are representative of six independent experiments (n = 6-8 mice per group ± SEM; *P < 0.05, **P < 0.01, and ***P < 0.001). . Data are representative of three independent experiments (n = 5 mice per group ± SEM; *P < 0.05, **P < 0.01, and ***P < 0.001).
detected in MLN (>98% Lin + CD45 + ; Fig. S3B ). Further characterization of the Lin − CD45 − cells revealed a heterogeneous population in WT mice, including a subset expressing high levels of Sca-1 and CD34, phenotypical markers associated with myeloid progenitors (Fig. 3B) . WT mice showed a significant increase in the frequency and total cell number of small intestine lamina propria (Lin
− )CD34 + Sca-1 + cells following Hp infection, whereas no significant increase was detected in infected Kit W /Kit W-v mice (Fig. 3B ). This population was present only at low numbers in naive mice, suggesting an infection-induced signal is required for their recruitment to the intestinal tissue (Fig. 3B) (Fig. 3C) . Cultured cells were significantly altered in size and morphology and were c-kit hi FcεRI + and CD11b − CD49b − , indicative of an MC-but not macrophage or basophil-phenotype, and suggesting monopotent progenitor capacity ( Fig. 3D and Fig. S3C ). Isolated Hp-elicited CD45 − Sca-1 + progenitors were also able to produce the Th2 associated cytokines IL-5 and IL-9 following stimulation with IL-2 and IL-33, but not IL-2 and IL-25, or IL-2 alone (Fig. 3E) . In contrast, progenitors constitutively made high levels of IL-6 under all conditions tested (Fig. 3E) , duodenum at day 6 p.i. via ELISA (Fig. 4B ). In line with these findings, expression of cytokine protein in gut homogenates was also found to be attenuated in a second MC-deficient mouse strain (Kit
W-Sh
) following infection with Hp (Fig. S4A) or Tm (Fig. S4B) , suggesting a conserved role for MCs in the regulation of tissue-derived cytokines, and therefore Th2 priming. The data further indicate that the abrogation of type 2 cytokine-secreting MC progenitor expansion following helminth infection in Kit W /Kit W-v mice is likely caused by the lack of IL-25. TSLP has recently been shown to elicit basophilia independent of the canonical cytokine IL-3 (24), and MHC-II-expressing basophils have Th2 priming ability in some helminth infections (25) . Thus, we aimed to ascertain if differences in basophils also contribute to the suppressed Th2 priming in MC-deficient miceeither as a result of inherent hematopoietic abnormalities or as a consequence of decreased TSLP expression. In contrast to MCs, basophil numbers were found to be unaffected in the spleens, MLNs, and lamina propria of uninfected Kit W /Kit W-v mice or during the first 1 wk of Hp infection (Fig. S5 A-C) . Ag presentation capacity was also not altered in Kit W /Kit W-v mice, as splenic basophils were found to express MHC-II independent of infection or MC status (Fig. S5D) . Thus, although basophils have Ag-presenting capacity, it is unlikely that changes in basophils contribute to the phenotype observed in MC-deficient mice.
As IL-25 was found to be the earliest and most abundant transcript during Hp infection, we assessed whether treatment with IL-25 alone was sufficient to restore Th2 responses in MCdeficient mice. Application of rIL-25 to Kit W /Kit W-v mice during mice following treatment with rIL-25. Experiments were repeated three times (A-E) or two times (F; n = 6 mice per group ± SEM), and data combined for graphs (*P < 0.05, **P < 0.01, and ***P < 0.001).
the first 4 d of infection led to a dramatically elevated production of IL-33 and TSLP in the intestine (as well as IL-25 itself) at day 6 p.i. in comparison with vehicle-treated control mice (Fig. 4C) , whereas no significant further increase in cytokine expression was detected in WT mice (Fig. 4 B and C) . rIL-25 treatment also restored numbers of Th2 cells (CD4 + GATA-3 + IL-13 + ) in Kit W / Kit W-v mice to levels comparable with WT (Fig. 4D) . Hp infection in mice is typically chronic, and therefore, although treatment of MC-deficient mice with rIL-25 was sufficient to restore adaptive type 2 immunity, it did not result in a significant reduction in adult worm burdens in Kit W /Kit W-v mice at day 21 p.i. (Fig. 4E) . Interestingly, however, the application of additional exogenous rIL-25 to IL-25-competent WT mice led to an almost complete expulsion of adult worm burdens, suggesting that high amounts of IL-25 may induce worm expulsion during a normally chronic Hp infection (Fig. 4E) . Moreover, shedding of parasite eggs into the feces was significantly reduced in both rIL-25-treated WT and MC-deficient groups in comparison with untreated controls, further highlighting the crucial role of early IL-25 in the development of antihelminth immunity (Fig. 4F) . Experiment was repeated three times (n = 6 mice per group ± SEM), and data were combined for A-E (*P < 0.05, **P < 0.01, ***P < 0.001). , and BM-reconstituted groups. Experiment was repeated three times (n = 6 mice per group ± SEM), and data were combined for panels A-E or shown as a representative experiment (F; *P < 0.05, **P < 0.01, and ***P < 0.001).
Repair of MC Populations via Bone Marrow Transfer Restores Type 2
Immunity and Antiparasitic Responses in MC-Deficient Mice. To further define the role of MCs in the priming and orchestration of the Th2 response during Hp infection, we aimed to restore the MC compartment of mucosal tissues in Kit W /Kit W-v mice. It has previously been reported that repair of mucosal MC deficiency in the small intestine via the transfer of in vitro generated bone marrow (BM)-derived MCs is not possible because of the inability of relatively immature in vitro generated MCs to properly migrate into the lamina propria and intraepithelial compartment (26) . Therefore, we restored the MC compartment via transfer of whole WT (Kit +/+ ) BM, which, in contrast, has been described to fully reconstitute the small intestine and restore normal MC function (27) . Hp-infected Kit W /Kit W-v mice that had been repaired for MC deficiency via adoptive transfer of WT BM showed a significant restoration of the levels of IL-25, IL-33, and TSLP in the duodenum following Hp infection in comparison with infected, nonreconstituted control Kit W /Kit W-v mice at day 6 p.i. (Fig. 5A) . The increased expression of IL-25 correlated with a significant increase in the number of (Lin
− )CD34 + Sca-1 + progenitors in the lamina propria of Hp-infected mice that had received WT BM (Fig. 5B) (Fig. 5C ). BM reconstituted mice had markedly enhanced Hp Ag-specific production of IL-5, IL-10, and IL-13 in the draining lymph node (Fig. 5D ) and significantly reduced adult worm burdens and parasite egg output to levels comparable with WT controls (Fig. 5 E and F) .
Treatment with MC-Stabilizing Agent Cromolyn Sodium Suppresses
Type 2 Immunity. To confirm that MCs play a role in the orchestration of type 2 immunity to helminths, and to rule out the contribution of other abnormalities in Kit-mutant MC-deficient mice, we inhibited MC degranulation in otherwise normal C57BL/6 mice by using the MC stabilizing agent cromolyn sodium (CS), as previously described (5, 28) . Hp-infected WT mice had abrogated serum mMCP-1 levels following CS treatment (Fig. 6A) . Critically, treatment with CS recapitulated the phenotype seen in Kit W /Kit W-v and Kit W-Sh mice, as CS-treated mice had significantly reduced GATA-3 + IL-13 + Th2 cell levels (Fig.  6B) , IL-2, IL-4, and IL-13 production (Fig. 6C) , tissue-derived cytokine production, and (Lin (Fig. 6 D and E) , which were comparable with levels observed in Kit W /Kit W-v mice. Furthermore, the contribution of MCs was found to be IgE-independent, as serum IgE, B-cell activation, IgE class switching, and surface-bound IgE + basophils were all not detectable during the early stages of Hp infection (Fig. S6) , whereas IL-25 induction and progenitor expansion occurred normally following Hp infection in RAG −/− mice (Fig. 6F) .
Discussion
The orchestration of type 2 immunity, characterized by the production of IL-4, IL-5, IL-9, and IL-13 from both innate and adaptive (i.e., Th2) sources, is critical for host defense during infection with parasitic helminths that colonize mucosal tissues. Understanding the early events that determine induction of type 2 responses is also of major clinical relevance for the prevention of Th2-associated immunopathologic processes. Herein, we used three independent models targeting MCs (Kit W /Kit W-v , Kit W-Sh , and CS treatment of WT mice) and report that innate IgE-independent MC-derived signals are required for optimal priming of the adaptive Th2 response, as well as expansion of a recently reported subset of innate type 2 cytokine-producing cells, in response to gastrointestinal helminth infections (schematic overview provided in Fig. S7 ). MC targeting resulted in abrogated Th2 priming and type 2 cytokine production in the MLN and a reduction in antiparasitic responses in MC-deficient mice, as determined by increased worm burdens and fecundity, that could be restored upon repair of MC deficiency, highlighting a critical role for MCs in the onset of type 2 immunity.
We further identify a role for MCs in regulating the tissuederived cytokines IL-25, IL-33, and TSLP during the early stages of gastrointestinal helminth infection. All three cytokines have been reported to be essential for optimal Th2 responses and expulsion of adult worms following helminth infection (8) (9) (10) ; however, little is known to date about the cells and signals that regulate their expression. The abrogated expression of these tissue-derived cytokines in MC-deficient mice or following CS treatment, and subsequent restoration of expression by repair of MC deficiency, implicates MCs as an important regulator of these cytokines during the early stages of mucosal Th2 responses. Typically, MCs have been considered important effector cells in the later stages of helminth infections and in the pathogenesis of allergic asthma; however, our data are in line with recent reports ascribing critical roles to myeloid cells, such as basophils, in orchestrating Th2 immunity (25, 29, 30) . Although the precise mechanism by which MCs regulate Th2 immunity remains unclear, we found that inhibition of MC degranulation with CS was sufficient to suppress type 2 cytokine production, suggesting MCs provide crucial signals in the tissues. It has previously been reported that epithelial cells are the major sources of IL-25 during helminth infection (31) , and by using several independent experimental approaches, we were unable to detect production of IL-25, IL-33, or TSLP by MCs following stimulation with Hp Ags. Thus, we hypothesize that one mechanism by which MCs modulate early priming events is via the release of adjuvant three times (A-E) and two times (F; n = 4-8 mice per group ± SEM), and data were combined (*P < 0.05, **P < 0.01, and ***P < 0.001).
signals in response to helminth infection that activate epithelial cell production of tissue-derived cytokines (Fig. S7) . IL-25 and IL-33 have recently been shown to be required for the induction of a number of unique c-kit-expressing innate cell types, which express type 2 cytokines and contribute to the priming and/or enhancement of the adaptive Th2 response (16) (17) (18) (19) (20) . In particular, Saenz (33), virus-induced airway hyperreactivity (34) , arthritis (35) , skin inflammation (36) , and tumor progression (37) .
Materials and Methods
Mice and Helminth Infections. Specific pathogen-free MC-deficient mice (Kit W / Kit W-v and Kit W-sh ) and WBB6 (Kit +/+ ) background controls were bred at the animal facilities of the Charité University Medicine. C57BL/6 control mice were purchased from Charles River GmbH. Mice were infected with either 250 viable L3 of Heligmosomoides polygyrus bakeri or 200 embryonated Trichuris muris eggs as described in the SI Materials and Methods. In some experiments mice received 0.4 μg rIL-25 in PBS i.p. (R&D Systems) on d 1−4 postinfection. Alternatively, MC-deficient mice were reconstituted with Kit +/+ (WT) bone marrow via intravenous transfer of 1 × 10 7 purified mononuclear bone marrow cells and rested for 6 wk prior to parasite infection. In some experiments, C57BL/6 mice received 100 mg/kg cromolyn sodium (Sigma Aldrich) in PBS i.p. twice a day as previously described to inhibit mast cell degranulation in the small intestine (28) . Isolation of lymphocytes, assessment of cytokine production, and flow cytometry were performed as indicated in the SI Materials and Methods. All experiments were performed in accordance with the National Animal Protection Guidelines and approved by the German Animal Ethics Committee.
Statistics. Experiments were performed as indicated, combined for analyses where appropriate, and expressed as mean ± SEM. Statistical analysis was performed using GraphPad Prism software using Kruskal Wallis analysis for worm burdens and one-way ANOVA or two-tailed Mann−Whitney test for other analyses. *P < 0.05, **P < 0.01, and ***P < 0.001 values were considered to be statistically significant.
